While electroporation has been widely used as a physical method for gene transfection in vitro and in vivo, its application in gene therapy of cardiovascular cells remains challenging. Due to the high concentration of ion-transport proteins in the sarcolemma, conventional electroporation of primary cardiomyocytes tends to cause ion-channel activation and abnormal ion flux, resulting in low transfection efficiency and high mortality. In this work, a high-throughput nanoelectroporation technique based on a nanochannel array platform is reported, which enables massively parallel delivery of genetic cargo (microRNA, plasmids) into mouse primary cardiomyocytes in a controllable, highly efficient, and benign manner. A simple "dipping-trap" approach was implemented to precisely position a large number of cells on the nanoelectroporation platform. With dosage control, our device precisely titrates the level of miR-29, a potential therapeutic agent for cardiac fibrosis, and determines the minimum concentration of miR-29 causing side effects in mouse primary cardiomyocytes. Moreover, the dose-dependent effect of miR-29 on mitochondrial potential and homeostasis is monitored. Altogether, our nanochannel array platform provides efficient trapping and transfection of primary mouse cardiomyocyte, which can improve the quality control for future microRNA therapy in heart diseases.
Introduction
Owing to its user-friendliness and high-throughput, electroporation is one of the most commonly used physical techniques for gene/drug delivery, with great potential for medical and clinical applications. [1] Compared to chemical methods, electroporation can bypass endocytosis, thus overcoming "multidrug resistance" responses from cells. [2] There is no need for cargo prepackaging. [3, 4] Commercial bulk electroporation (BEP) systems have been widely used both in vitro and in vivo. [5, 6] However, due to its bulk-environment where extremely high voltage is randomly applied on individual cells, BEP usually results in significant cellular damage. [5, 7] Recent advances in microfluidic-based electroporation (MEP) have enabled more benign transfection at lower voltage. [8] Nevertheless, both BEP and MEP are highly dependent on additional factors downstream of poration (i.e., endocytosis, diffusion), which lead to low and variable transfection yields at the single cell level. [3, 9] BEP/MEP based transfection of electrogenic (excitable) cells also remains challenging. [10] [11] [12] [13] The primary function of cardiomyocytes is regulation of the contraction-relaxation cycles of hearts. [14] Their self-regulated contractibility, achieved by ion channels and exchangers that control the transportation of Ca 2+ , is highly sensitive to external electrical stimulation. In BEP and MEP, large portions of the sarcolemma are exposed to the porating electric field, which results in ion-channel overactivation and abnormal ion flux, that trigger functional disorders and apoptosis. [10, 13] Although pioneering work has been conducted on designs of electroporation-assisted intracellular probes for electrical recording of cardiomyocytes cell lines (e.g., HL-1), [15] safe and efficient electroporation systems for high-throughput transfection of primary adult cardiomyocytes in vitro are currently lacking.
We recently demonstrated nanochannel electroporation (NEP) technique for living cell transfection in a highly controllable manner. [9, 16] In NEP, a single cell is positioned in tight contact with a single nanochannel (100-400 nm) while cargo on the other side of the nanochannel. As the equivalent resistance of nanochannel (>100 MΩ) is significantly higher than that of cell membrane (<10 MΩ), most of the applied voltage is distributed over the nanochannel. The NEP involves benign and highly confined membrane poration (nearby the nanochannel), as well as high-voltage (>100 V) induced electrophoresis-effect, which "shoot" cargo into cytoplasm, resulting in high transfection efficiencies and dosecontrol capabilities. Our previous NEP systems, however, are compromised on the transfection yields due to either nanochannel design (e.g., 2D NEP) [9, 17] or cell trapping methods. [18] In this work, we report manipulation and transfection of primary adult mammalian cardiomyocytes with high efficiency and cell viability on a nanochannel array platform. Our device enables high throughput parallel delivery of functional cargo (e.g., transcription factors, oligonucleotides, molecular beacons) into cells via electroporation through nanochannels. Dose of cargo can be precisely controlled by external electric field (e.g., voltage, pulse length, and pulse number). A novel "dipping-trap" approach was implemented to precisely position the cells-to-be-transfected in direct contact with the porating nanochannels in a high throughput manner. Such a method is simple and fast, without a requirement for sophisticated systems and special buffers. Our device demonstrated transfection of adult mouse cardiomyocytes with high efficiency and safety. We applied the device to investigate the dose effect of microRNAs for cardiomyocyte therapy. Currently, loss of miR-29 is known to be associated with cardiac fibrosis, providing a clinical potential therapeutic agent for cardiac fibrosis by targeting TGF-β/Smad3 signaling. [19] However, the two faces of miR-29 in cardiovascular disease step it back. [20] The deletion of mitochondrial Mcl-1, a main target of miR-29 in cardiomyocyte, leads to heart disorganization, inflammation, and even lethal heart failure. [21, 22] Therefore, preserving Mcl-1 and maintaining mitochondrial homeostasis is essential to the consideration of the miR-29 family in clinical application. [23] Endocytosis/diffusion based delivery, as well as poor transfection efficiency of primary cardiomyocyte (typically <5%) by liposomes and BEPs, [11, 24] makes them impractical for optimizing the dosage of microRNA therapy in most applications in cardiomyocytes. In this work, miR-29 was delivered into an array of primary adult mouse cardiomyocytes on-chip, and the dose-dependent effects of miR-29 on mitochondrial potential and homeostasis of a cardiomyocyte was analyzed. The statistics, based on a large number of cells, proved quality control of clinical microRNA therapy on heart disease.
Results and Discussion

Precise Large-Scale Cell Positioning on Nanochannel Array
Successful nanochannel-based electroporation requires direct cellular contact with the nanochannels. We developed a simple "dipping-trap" approach for this purpose, as illustrated in Figure 1a . In this procedure, a microcap array (SU8 photoresist) was patterned over nanochannel array on a silicon chip (fabrication details given in Figure S1 in the Supporting Information). Each microcap consists of a "U-shape" feature that contains a front-side cup for cell entry. To enhance cell flow, the chip surface was pretreated to be hydrophilic using piranha solution and oxygen plasma (step (i), Figure 1a ). For precise cell positioning, the chip, with the "U-shape" of microcap facing up, was vertically dipped-in (≈5 min) and -out of a cell suspension (≈10 6 cells mL −1 ) in phosphate-buffered saline (PBS). Gravity and hydrodynamic forces modulated cell trapping within the microcaps, directly over top of the nanochannel outlets (step (ii)). Tailoring the geometries of the microcap array to be slightly larger than the cell size can achieve single-cell capture in a single cup, resulting in a clear cellular array on the chip surface (step (iii)). Figure 1b shows a cross-section of the chip. Trapped by the microcap, the cell contacts with the nanochannel so that it can be effectively electroporated while target biomolecules are delivered into cytosol, as illustrated in Figure 1c . Precise alignment of the microcap to nanochannel region plays a critical role in transfection efficiency. We therefore aligned each microcap to a nanochannel in photolithography ( Figure 1d ). We designed a family of microcap arrays with different dimensions and spacing to optimize the trapping efficiency ( Figure 1d and Figure S2 in the Supporting Information). Our results indicate that in the "dipping-trap" procedure, microcap array with smaller geometries (width: 5 μm, spacing: 25 μm) result in low capture efficiency (≈10% microcaps with single cell trapped) but relatively high capture specificity (≈80% loaded cells aligned on the nanochannel, enabling electroporation), as shown in Figure S2c ,d in the Supporting Information. In contrast, increasing the geometries (width: 10 μm, spacing: 50 μm, Figure S2a ,b in the Supporting Information) is prone to clogging, which leads to low capture specificity (≈30%). Finally, we chose the "interlaced" microcap array (Figure 1d , cap width: ≈10 μm, column and row spacing: 100 μm) for subsequent experiments, which achieved remarkably high capture efficiencies and specificities (≈70%-90% and ≈90%) (Figure 1e ,f).
On-Chip Massively Parallel Cargo Delivery
A high-throughput nanochannel-based transfection platform that delivers cargo into the cells patterned on the chip is illustrated in Figure 2a ,b. Following "dipping-trap", the chip was mounted on a polydimethylsiloxane (PDMS) reservoir that contained the cargo (e.g., labeled DNA, plasmids, microRNAs). The 3D image by confocal microscopy (Figure 2c ) shows that loaded cells (stained with Calcein AM, green fluorescence) are tightly in contact with individual nanochannels (white light). The nanochannel-based electroporation and its mechanism of delivery are illustrated in Figure 2d . A pulsed electric field was implemented to porate the cell membrane in contact with the nanochannel. In the meantime, the surface-charged target cargo are electrophoretically driven through each nanochannel and are delivered into the cytosol in a fast (i.e., milliseconds) and efficient manner. Physical simulation results show that due to the high equivalent resistance of the nanochannel, the biased voltage applied on single cell is relatively uniform (1.84-2.00 V) over the chip surface (1 cm 2 ) within a proper liquid film (e.g., 5 mm to 1 cm), in the system shown in Figure 2d . Increasing the liquid film will reduce the biased voltage across the cell (Note 1, Supporting Information). We first explored the capability of our device for massively parallel cell transfection and the "dipping-trap" approach for improvement in transfection efficiency. www.small-journal.com transgenetic manipulation of living cells. MEFs were transfected with GFP plasmids (p-Max, 3.5 kbp) showed obvious green fluorescence expression in 6 h (Figure 2h ,i; mass cell GFP expression in Figure S3 in the Supporting Information). In control group, randomly loaded cells result in weak GFP expression ( Figure 2j ,k). Figure 2l shows that the average GFP intensities in "dipping-trap" group are ≈6-fold higher than the control group, while showing promising uniformity (s.d. ≈3.5%). With the "dipping-trap" approach, the cells can be trapped and transfected within several minutes at a highthroughput, which is time-efficient in observing previously reported microfluidics (up to hours for high throughput), [25] optical tweezers (minutes for single-cell), [9, 26] dielectrophoresis (≈30 min), [27] magnetic tweezers (≈10 min). [28, 29] Moreover, the trapping protocol requires no sophisticated systems for force generation, which is simpler for clinical use.
Efficient and Controllable Gene Delivery into Adult Mouse Cardiomyocytes
The major function of adult cardiomyocytes is to orchestrate the contraction and relaxation of the heart. The contractility of a single cardiomyocyte is controlled by transmembrane ion channels (mainly, Ca 2+ ), whose functionality can be easily compromised by external electrical stimuli. [14] As such, BEPbased gene delivery to cardiomyocytes typically results in low efficiencies (≈10%), [12, 30] and significant cell death due to abnormal ion flux, contraction interference, and membrane damage. [10, 13] We tested the capabilities of our nanochannelbased transfection approach to deliver genes into primary cardiomyocytes in vitro in a controllable and benign manner. A high percentage of cardiomyocytes keep alive while expressing obvious fluorescence after transfection with GFP plasmids (Figure 3a , single cell GFP expression was shown in Figure S4 in the Supporting Information). Compared to control group (in vitro culture without treatment, see Figure S6 in the Supporting Information), the GFP intensity increased by ≈10-12-fold at 6 h post-transfection, as shown in Figure 3b . Clear GFP expression was still present after 24 h ( Figure S5 , Supporting Information). BEP experiments, which were also conducted for comparison purposes, resulted in low transfection efficiency and significant cell damage ( Figure S6 , Supporting Information). While our device yielded transfection efficiencies and cell viabilities ≈86%, BEP-based transfection led to efficiencies and viabilities of ≈5% and 13%, respectively (Figure 3c,d) . MEP experiments (with channel size of 5 μm), on the other hand, did not result in clear GFP transfection and expression ( Figure S6 , Supporting Information), presumably due to the need for the use of low voltages (≈4 V). [29] Figure 3e demonstrates that our platform precisely control the dosage of FAM-ODN delivered into cardiomyocytes by applied voltages ranging from 0 to 200 V. Besides, the delivered dose could be controlled by the pulse durations (e.g., 5, 10, 20 ms) as well (Figure 3f ). Furthermore, we demonstrated our device achieved significantly higher transfection uniformity at single-cell level than BEP, as measured by flow cytometry at high-throughput ( Figure S9 , Supporting Information). Altogether, our nanochannel array device demonstrated the unique capability for controllable mass cardiomyocyte transfection (>10 000 cells per chip).
Simulation of Cardiomyocytes Electroporation via Nanochannel
Observing the striking contrast between BEP and our device for transfection of primary cardiomyocytes, we next discuss the particular reason. Physical models were generated to analyze the electric fields for both nanochannel-and bulkbased electroporation at the single-cell level (Figure 4a-e) . The electric field distribution of our device, in which two single cardiomyocytes (represented as "rectangle-shape") are localized on two nanochannels, is illustrated in Figure 4a . The simulation reveals that due to the high-resistivity of the nanochannel, among the voltage (100 V) applied in the whole system, ≈96% of the voltage drop occurs across the nanochannel, which provides high electrophoretic motility to the gene cargo during transfection. Only about 4% of the applied bias (≈4 V, Figure 4b ) is directed to the cell membrane (as determined by the nanochannel diameter). Such drop is just above the transmembrane potential threshold (usually ≈0.5-1 V) needed to porate the membrane and allow cytosolic injection of the cargo. Furthermore, only a small portion of the cell membrane is exposed to the electric pulse (Figure 4c ), as determined by the nanochannel size. In comparison, microchannel-or bulk-based electroporation affects significantly larger portions of the cell membrane (several μm to the whole surface), which tends to negatively compromise cell viability. With a nonspherical shape, the cardiomyocyte could be electroporated over the whole membrane instead of the poles oriented to the electric field, thus causing additional cellular damage in BEP and MEP (Figure 4d ). [31] Finally, single-cell level analysis of the electric field distribution in BEP reveals significant cell-to-cell variations (Figure 4e ), thus resulting in more stochastic transfection profiles compared to the more deterministic nature of nanochannel-based gene delivery. [28] In both BEP and MEP, low electric field (<50 V cm −1 ) cannot sufficiently electroporate cells. [10, 13] 
Dose-Controlled Delivery Studies of miR-29 with Primary Mouse Cardiomyocytes
Loss of miR-29 expression in cardiomyocytes leads to cardiac fibrosis. [19] Although strategies aimed at replenishing miR-29 levels could offer a viable treatment for the condition, the potential side effects of this approach need to be carefully investigated. Here we used our nanochannel-based delivery platform to thoroughly evaluate the effects of precisely dosed miR-29 delivery on cardiomyocyte behavior. Normal cardiomyocytes express high miR-29, but the overexpression of miR-29 results in mitochondrial dysfunction (i.e., loss of mitochondrial potential) and cell apoptosis. [22] We delivered the gradient amount of miR-29b [32] by modulating the number of applied pulses (1-10 pulses). Tansfected cardiomyocytes were stained with JC-1 and analyzed by flow small 2016, DOI: 10.1002/smll.201601465 cytometry. JC-1 dye performs a potential-dependent accumulation in mitochondria with a fluorescence shift from green (≈529 nm) to red (≈590 nm). The ratio of red (dimer)/green (monomer) reflected to the mitochondrial potential (ΔΨ) of transfected cells (Figure 5a) . The increasing of pulse from 0, 1, 5 to 10 significantly causes the mitochondrial depolarization and decrease in the number of high ΔΨ cells (Figure 5b) . By using the real-time PCR (polymerase chain reaction), we measured the intracellular miR-29 and its target Mcl-1 amount post nanoelectroporation. Mcl-1 is also highly expressed in normal myocardium, playing an essential role in myocardial homeostasis and autophagy. [22] We observed that the increased miR-29b dose could significantly suppress the Mcl-1 expression in living cells (Figure 5c ). Such a dose-dependent manner provides a hint to precisely study the threshold-dose causing the disorder of the mitochondrial homeostasis in miR-29-based gene therapy.
Conclusion
Primary cardiomyocytes with fully differentiated status are generally known to be difficult to transfect with nonviral approaches. Liposomal or BEP transfection of primary cardiomyocytes typically performs low efficiencies. In addition, BEP causes significant cell damage. Novel technologies capable of delivering genetic cargo to electrogenic cells in a controlled, efficient and benign manner are clearly needed in order to facilitate the development of gene therapies for cardiac tissue, and/or enable a host of critical studies of cardiac small 2016, DOI: 10.1002/smll.201601465 www.small-journal.com cell biology and physiology. In this work, we reported a nanochannel array platform for large-scale single-cell trapping and on-chip transfection of primary cardiomyocytes at a highthroughput. A fluidic-based "dipping" method was developed to trap and precisely align an array of individual cells on the nanochannel chip where the electroporation condensed. Our device assisted with the trapping method demonstrated high transfection efficiencies and dosage control capabilities with single-cell resolution, which is not achievable with any existing technology. We achieved precise dosage control of miR-29 delivery in primary mouse cardiomyocyte, providing a titration of miR-29 effects on primary cardiomyocytes for further clinical application. In conclusion, our platform provides an efficient trapping and electroporation method with precise dosage control on primary mouse cardiomyocyte, which will improve the clinical microRNA therapy on heart disease.
Experimental Section
Nanochannel Array Chip Fabrication
The nanochannel array chip was made using a silicon wafer via clean room techniques ( Figure S1 , Supporting Information). [18, 33] A standard double-side polished wafer (4 in., 500 μm in thickness) was first thinned to 250 μm using wet etching (45% KOH, 80 °C). A microcircle array (50 μm in diameter) was then patterned on one side of the chip using SPR220 photoresist (Dow Chemicals, US). Deep reactive ion-etch (DRIE) was applied to etch the photoresist-masked side so that a microchannel array (diameter: 50 μm; depth: 240 μm) was formed. An array of nanochannel was then patterned using AZ-5214 photoresist (Clariant Corporation, US), and DRI-etched until the nanochannels connected with the microchannels. In our experiments, each chip, small 2016, DOI: 10.1002/smll.201601465 Figure 4 . Physical simulations of electric fields in nanochannel-and bulk-electroporation for cardiomyocytes transfection. a) The distribution of biased voltage in nanochannel where two single cardiomyocytes are localized. b) Due to high resistivity of nanochannel, most of the applied voltage occur across the nanochannel (≈96 V), while a low potential drop (≈4 V) over the cell membrane, which is benign for single cell electroporation. c) Biased potential along the cell membrane reveals only a tiny region of the cell membrane close to nanochannel has high potential to be porated. d) In contrast, cells are electroporated stochastically in the bulk solutions in BEP, which causes e) a huge variation of biased voltages applied on individual cells. with 1 cm 2 nanochannel array area, was diced from the whole wafer after etching.
The silicon based nanochannel chip was reproducible as the nanofabrication techniques, i.e., projection photolithography and DRIE, were robust with optimized protocols.
Microcap Array Pattern
The microcap array was made using SU-8 2015 (MicroChem), which was spun on the fabricated nanochannel array chip. The heights of microcaps were fixed at ≈5-10 μm. For alignment between microcap array and nanochannel array, a male "cross" marker was patterned and etched on the chip during the nanochannel etching process. A female "cross" marker on the photomask with the microcap array pattern was used to track the relative location between the microcap array feature and the nanochannel array on the chip. The alignment process and photolithography were performed on an automated UV-aligner (EVG 620). Every microcap feature in our design had an opening at the back-side, which was used to facilitate the entry of the cells when the liquids flow "through" the middle of the microcap.
"Dipping" for On-Chip Cell Trapping and Release
Prior to cell trapping, the chip patterned with microcap arrays was treated to be hydrophilic with Piranha solution (96% sulfuric acid, 120 °C) and oxygen plasma (PTS oxygen plasma system, US), and was exposed under UV-light for sterilization. Cells were transferred from cell culture medium to PBS solution, and then were transferred into a column glass tube (diameter: 1.5 cm; height: 5 cm) in a density of ≈1 million mL −1 . The chip, with the "U-shape" cup facing up, was then immersed into cell buffers and was held for ≈5 min (the chip was in an angle of 60 o -90 o to horizon). After the procedure of "dipping", the chip was steady and slowly lifted up (≈2 cm min −1 ) using tweezers. One advantage of the procedure is that nearly all the cells that are not trapped could flow back to the cell buffer, allowing for high trapping specificity. Repeated "dipping-trap" was usually made in order to achieve a high capture efficiency. We note that the term "dewetting" in our experiments did not indicate the procedure of drying the chip surface, but the direction of the chip out of the cell buffer solution. In fact, a thin liquid film formed on the chip surface after "dewetting" and lasted for several minutes before vaporized. Such a time-duration gives enough time to perform on-chip electroporation.
After electroporation, the chip was transferred into 1 mL cell culture medium in a 6 well plate. A 200 μL pipette was used to gently wash the chip surface from the opposite direction to the cell trapping. As the opening of the microcap (as shown in the inset of Figure 1b ) was designed for buffer flow through and cell release, the hydrodynamic force by pipette easily moved the cells out of the "U-shape" microcaps and floated back into the medium in an incubator (37 °C, 5% CO 2 ) for further applications.
High-Throughput Nanoelectroporation Platform
A bottom electrode was made from a glass slide (25 mm × 75 mm) coated with a gold layer (50 nm, Denton 520 evaporator). A PDMS spacer (width and length: 1 cm, thickness: 1 mm) was mounted on the gold-coated glass, forming a bottom chamber filled with cargo solution. After cells were trapped, the chip was gently placed on the bottom chamber. A top electrode (commercial electrode, Neon Transfection System) was moved to touch the buffer film on the chip surface in the connection as illustrated in Figure. 2d. A series of voltage pulses (voltage: 0-200 V, duration: 0-30 ms) were generated from a power supply (lab-made) for cellular electroporation. All components were sterilized with a 70% alcohol solution and UV-light.
For comparison, BEP was performed using a commercial system (Neon Transfection) and the operation was consistent with the instructions online. The MEP system used in cardiomyocytes transfection was based on a silicon 3D microchannel array chip. Each microchannel was 5 μm in diameter. Based on our previous research, 4 V was a safe voltage for cell electroporation. [29] In microchannel based electroporation, however, a sufficiently high voltage would cause irreversible cell membrane damage due to several reasons, including irreversible pore formation, pH change, thermal issues, etc. [10] 
Cells Collection, Culture, and Transfection
MEFs were isolated from E12.5 embryos, and were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Catalog no. with addition of 10% (v/v) fetus bovine serum (FBS, heat inactivated, Catalog no. 26010) and nonessential-amino acids. Mouse cardiomyocytes were isolated from adult mice, and were cultured in DMEM (Catalog no. with addition of 10% (v/v) FBS (heat inactivated, Catalog no. 26010) and nonessential-amino acids. FAM-ODNs (alpha DNA Co., Catalog no. 427520, excitation/ emitting wavelength, 492/517 nm) were used to test the performance of nanoelectroporation in gene delivery, while PmaxGFP (3.5 kbp, Catalog no. VSC-1001, Amaxa Nucleofector Technology) was used to test the transfection performance. Hoechst (Sigma-Aldrich, Catalog no. 654434, excitation/emitting wavelength, 350/461 nm) was used to stain nuclei.
Image Acquisition and Data Analysis
As the silicon chip is nontransparent, imaging the on-chip cell trapping and FAM-ODN delivery was performed on an upright microscope (Leica DM2500). An inverted microscope (Nikon Eclipse Ti) was used to record fluorescent expressions of cells cultured off-chip. 3D cell-nanochannel image was reconstructed from sliceimages by a fluorescence confocal microscope (Olympus FV1000).
COMSOL Multiphysics was used to analyze the electric field in both BEP and nanochannel electroporation systems. [34] The governing equation for the system (static electric field) used is:
where σ is the conductivity. The average length of the nanochannel is 13 μm, the diameter of nanochannel is 400 nm. Conductivities of extracellular fluid (PBS) and the cytosol are 0.8 and 0.2 S m −1 , respectively. The cellular membrane is estimated to be 5 nm thick with a conductivity of 5 × 10 −7 S m −1 . In BEP system, the orientation of the cells and the number of cells (eight cells) are randomly generated.
The fluorescence data (e.g. intensity, cell counts) were analyzed using Nikon software (NIS Elements). High-throughput cell data (10 000 cells or higher) were analyzed by a flow cytometry (Beckman-Coulter, Brea, CA, USA).
RNA Extraction and Realtime PCR
Total RNA extraction was carried out by using Trizol (Invitrogen) and cDNA was made using random primers (Invitrogen, Life Technologies). Real-time PCR was performed by using TaqMan (Life Technologies) gene expression assay probe primer sets for miR-29b and Mcl-1 by ViiA 7 Real-Time PCR System (Applied Biosystems, Grand Island, NY, USA). The expression of target genes relative to internal control gene was calculated using the threshold cycle number (C t ). The relative target gene expression for each condition was normalized to control and fold change determined using the comparative method (2ΔΔC t ).
Mitochondrial Potential Measurement
After the transfection of miR-29b, the cardiomyocytes were stained with JC-1 to determine the mitochondrial membrane potential. JC-1 is a membrane-permeable lipophilic dye that acts as J-aggregates in the mitochondrial matrix (red fluorescence; 590 nm) and as monomers in the cytoplasm (green fluorescence, 529 nm). As mitochondrial depolarization happens, the red J-aggregates change to green monomers due to the loss of ΔΨ. Thus, mitochondrial ΔΨ can be measured as an index of red (dimer)/green (monomer) fluorescence ratio. The stained cardiomyocytes were rinsed twice with media and analyzed with a flow cytometry (Beckman-Coulter, Brea, CA, USA).
Statistical Analysis
Two-sided Student's T-test was used to determine the significance for data. The groups with p values <0.05 were considered statistically significant.
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